From purplish-blue spicate flowers of muscari (Muscari armeniacum), three new glycosylated flavones, named muscariflavone A-C (1-3), were isolated, and their structures were determined using MS and NMR analyses. All of these flavones contained the apigenin chromophore, and three to four sugar linear-chains were attached at the 7-OH of apigenin. The mixture of muscarinin A, muscariflavone A-C and aluminum ions gave a stable purplish-blue color similar to that of the petals.
Many blue and purplish-blue flowers are found in nature; however, only a few mechanisms of blue color development have been clarified [1] [2] [3] [4] . Muscari armeniacum is native to Asia and the Mediterranean and is now spread all over the world because it blooms attractive purplish-blue spicate flowers in the spring that are suitable for garden flowers. We are interested in the mechanism of color development of the spicate flowers of muscari and have been studying this mechanism. The HPLC analysis of the petal extract indicated that many anthocyanins and flavones coexist in the petals [5] . We have already reported the structure of three anthocyanidin 3-O-glucosides and one acylated anthocyanin, muscarinin A [5] . Other pigments have been presumed to be demalonylmuscarinin A and cis-muscarinin A. However, the structure of these flavones has not yet been determined. To clarify the mechanism of color development, it is essential to know the flavone components, which may have co-pigmentation effects on blue coloration of the petals.
We have started isolating and structural study the flavones in muscari petals. We found three new flavones in the spicate flowers and determined their structure. All of them had an apigenin chromophore and three to four glycosyl linear-chains consisting of glucuronic acid, glucose and xylose residues attached at the 7-OH of apigenin (Figure 1 ).
Frozen spicate flowers of M. armeniacum were extracted with 60% aq. MeCN containing 1% trifluoroacetic acid (TFA). The extract was analyzed by ODS-HPLC. The chromatogram and the spectra obtained with photodiode array-detection showed that it contained primarily three flavones (1-3) and more than seven anthocyanins ( Figure S1 ). The anthocyanins 4-7 were identified as 3-O--D-glucopyranoside of delphinidin (4), petunidin (5) and malvidin (6) , and muscarinin A (7, 3- 
, respectively by comparison with our previous results [5] .
For further structural study, we purified flavone 1-3. The frozen petals (21.3 kg) were extracted with 1% TFA-60% aq. MeCN, and, the extracts were evaporated under reduced pressure. After the precipitate were removed by filtration, the filtrates were adsorbed by Amberlite XAD-7 gel and washed with 0.3% aq. TFA, and then, the flavonoid fraction was eluted with 0.5% TFA-50% aq. MeCN. The eluent was evaporated under reduced pressure, and then, the obtained flavonoid-rich fraction was purified by repeated Amberlite XAD-7 column chromatography. The column was eluted with a stepwise gradient elution of 0% to 50% aq. MeCN containing 0.5% TFA, and in the 15% aq MeCN fraction, crude flavones 1-3 were obtained (6.0 g). Further purification was carried out using column chromatography on a Develosil Lop-ODS and finally by preparative ODS-HPLC to be obtained muscariflavone A (1, 140 mg), B (2, 34 mg) and C (3, 65 mg) as pale yellow solids.
The structure of 1-3 was determined by using MS and various 1D and 2D-NMR analysis. H NMR spectra several anomeric protons were observed and it indicated that 1, 2 and 3 contained four, three and four sugars, respectively. The molecular formula was also consisted with the existence of apigenin and the sugars. All spectra were recorded at 1 H 600 MHz using the indicated solvent at 40°C. The proton signals of H-6 and H-8 of the apigenin chromophore might be exchangeable with all the compounds. The assignment of Xyl-1 and Xyl-2 in muscariflavone A (1) in DMSOd-6 might be exchangeable. First, we analyzed the structure of muscariflavone A (1). The comparison of the UV spectrum and 1 H NMR of aromatic region with previously reported data determined the existence of the apigenin chromophore [6] [7] [8] . 1D-TOCSY spectra irradiating the anomeric protons revealed all the signals of each sugar moiety with coupling constants (Table 1) . By analysis of those spectra the existence of one -glucuronyl, one -glucosyl and two -xylosyl residues was clarified. The connections of each sugar were determined by a NOESY measurement. NOEs were observed between 1-H of GlcA and H-6,8, 1-H of Glc and 2-H of GlcA, 1-H of Xyl1 and 6-Ha of Glc, and 1-H of Xyl2 and 4-H of Xyl1 (Figure 2) . The results are consistent with that of HMBC, and therefore, the structure of 1 was determined to be 7-O- These are all new compounds and this is the first report to determine that the tetra-and triglycosyl sugar chain is attached at 7-OH of apigenin.
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Since the major anthocyanin and flavone components were purified, we studied the purplish-blue color development in muscari flowers by mixing the components to reconstruct the same color. As we previously reported, the color of muscarinin A (7) by itself in aqueous solution at pH 5.0 was very unstable, and the addition of 1/3 equivalent of aluminum ions (Al 3+ ) gave bluer solution, but the spectrum was different from that of the petals [5] . The addition of 10 eq. of magnesium ions to 7 did not give a bathochromic effect [5] . This finding indicated that the other components in the petal must be involved in the purplish-blue coloration. Therefore, we attempted to reproduce the same color by the addition of muscariflavone A-C (1-3) to 7. The reflection spectrum of the petals is shown in Figure S2 . This figure shows a broad spectrum with  max at 545 nm, 580 nm and 635 nm.
We first re-examined the effect of metal ions on muscarinin A (7). Our previous reports and experiments clarified that the addition of iron ions to anthocyanins with the delphinidin chromophore gave a blue-black colored solution; therefore, in this experiment, we chose Al 3+ and Mg 2+ [3, 5] . Since the concentration of anthocyanins in the petal vacuoles is generally high, i.e., approximately 1 mM, the concentration of 7 in these experiments was set to be 0.5 mM (as higher as possible). According to our previous data obtained by vacuolar pH measurement of various flowers [3, 9, 10] , the reproduction experiment was carried out at pH 5.0. As shown in Figure 3 muscarinin A (7) in a buffered solution at pH 5 without any metal ions showed a reddish purple color with  max at 540 nm (Figure 3 solid line) . Furthermore, the color was very unstable and Apigenin glycosides from Muscari arumeniacum Natural Product Communications Vol. 12 (8) 2017 1247 disappeared within a couple of minutes. The addition of 1 eq. of Al 3+ to 7 resulted in the formation of a blue color (Figure 3 , broken line); however, the spectrum showed one peak with  max at 594 nm that was different from that of the petals. The addition 1 eq. of Mg 2+ did not show any remarkable effect on color, so we increased the amount to 10 eq. However, the color of the solution was reddish stability was observed. In agreement with the previous results [5] , purple and no bathochromic shift (Figure 3, dotted line) or increase in the solo muscarinin A with meal ions did not show a color similar to that of the petals. Therefore, we examined the effect on color development of muscariflavone A-C (1-3) upon addition of Al
3+
. To a solution of 7 (0.5 mM at pH 5.0), 2 eq. of the mixture of 1, 2 and 3 with a ratio of 2:1:2, which is a similar concentration and ratio in the petals, were added, and the visible spectrum was measured. As shown in Figure  4 the  max of the mixture of 7 and the flavones (1-3) was 573 nm (Figure 4 , broken line), which is shifted toward longer wavelength compared with that of solo 7. However, the color was still purple and the shape of the spectrum was different from that of the petals. When 1 eq. of Al 3+ was added to the mixture of 7 and the flavones 1-3, the color of the solution became bluer and more stable. The solution showed a purplish-blue color with a  max at 580 nm, and a shoulder peak was observed at 629 nm (Figure 4, solid line) . The shape of the reproduced spectrum seemed sharper compared with that of the petals possibly because the peal spectrum was a reflection spectrum, and in the petals other anthocyanins, anthocyanidin 3-O-glucoside (4-7) co-existed to give different absorption peaks by co-pigmentation and metal complexation. Combining these results, we suggest that the purplish-blue coloration of muscari flowers is developed by the combination of anthocyanin, muscarinin A (7), glycosylflavones, muscariflavone A, B and C (1-3) and Al
. A color variation might cause a difference in the ratio of flavones and Al 3+ to the anthocyanin.
In conclusion, we isolated three new flavones, muscariflavone A, B and C, from the purplish-blue spicate flowers of M. armeniacum and determined their structures as 7-O-glycosylated apigenin. The glycosyl chains contain three to four sugars of -glucopyranosyluronic acid, -xylopyranosyl, and -glucopyranosyl residues. We also clarified that the purplish-blue petal color results from the co-existence of flavones and Al
. The flavones may have a co-pigmentation effect on the bluish color and stability.
Experimental
General methods: UV-Vis spectra and reflection spectra, JASCO V-560 spectrometer; NMR, JEOL JNM-600 spectrometer ( 1 H: 600 MHz, 13 C: 150 MHz); FABMS, JEOL JMS-700 spectrometer with HCl-glycerol as a matrix. High-resolution mass spectra (HRMS) were recorded on a Bruker micrOTOF-QII (ESI) spectrometer using methanol solutions of 1-3. Analytical HPLC was carried out using an ODS-column (Develosil ODS-HG5, 4.6 mm i.d. x 250 mm, Nomura Chemical). HPLC was performed at 40°C with a 30-min linear gradient elution from 10% to 30% aq. MeCN solution containing 0.5% TFA or with isocratic elution with various concentrations of aq. MeCN solution containing 0.5% TFA [2] . Preparative HPLC was carried out using a Develosil lop-ODS (50 mm i.d. x 300 mm, Nomura Chemical) and an ODS10/20 (20 mm i.d. x 250 mm, Nomura Chemical) column eluted with stepwise gradient elution from 10% to 40% aq. stock solution A containing 0.5% TFA or 1% H 3 PO 4 (composition of stock solution A: 20% AcOH and 25% aq. MeCN) [5] .
Plant materials: Bulbs of M. armeniacum were purchased from Sakata Seed Corporation and cultivated at the Nagoya University Farm. Spicate flowers were collected and stored at -30°C until extraction.
Extraction of the spicate flower for analytical HPLC: One gram of frozen spicate flowers was extracted with 5 mL of 60% aq. MeCN containing 1% TFA. The extract was filtered through a membrane filter (pore size: 0.5 m), and the filtrate was analyzed by HPLC with linear gradient elution [9] [10] [11] [12] .
Isolation of flavones 1-3: Isolation of the flavones was carried out according to our previous report with a slight modification [5] . The frozen petals (3.3 kg) were extracted with 6.6 L of 60% aq. MeCN containing 1.0% TFA at rt for 18 h. The extract was filtered, and 6.6 L of 60% aq. MeCN containing 1.0% TFA was added to the residue. This mixture was left at rt for 18 h. After filtration, the same extraction procedure was carried out once more. The combined extract was evaporated under reduced pressure until onetenth of the volume (12 L) remained, and the condensed extract was filtered. The filtrate (4.0 L) was adsorbed onto Amberlite XAD-7 gel (3.5 L), and the gel was washed with 3.0 L of 0.5% aq. TFA and then eluted with 0.5% TFA-50% aq. MeCN (12 L). The eluent was evaporated until 6.0 L remained, and the condensed solution was purified with Amberlite XAD-7 column chromatography (75 mm i.d. x 800 mm). The column was washed with 0.2% aq. TFA and then eluted with stepwise gradient elution from 10% to 50% aq. MeCN solution containing 0.2% TFA. This procedure was carried out repeatedly, and from 21.3 kg of frozen flowers, the crude flavone fraction (22.0 g) was obtained. The crude flavone fraction (2.0 g) was dissolved in 0.5% aq. TFA (200 mL) and purified using a lop-ODS column (50 mm i.d. x 300 mm) eluted with 20% to 35%
